The kinetics and the extent of side reactions of the anionic polymerization of silyl-protected 2-hydroxyethyl methacrylate, 2-(tert-butyldimethylsilyloxy)ethyl methacrylate (TBDMS-HEMA), in tetrahydrofuran (THF) were studied as a function of polymerization temperature. Lithium chloride was added in order to achieve a controlled polymerization. The results of polymerizations at various temperatures are compared with reported data for methyl methacrylate and tert-butyl methacrylate in THF. The activation energy for the studied monomer is lower compared to the other methacrylates. Gel permeation chromatography-viscosity studies show that poly(TBDMS-HEMA) exhibits a more wormlike structure in THF than other polymethacrylates, as indicated by a higher Mark-Houwink exponent, α = 1.025.
Introduction
The anionic polymerization of common methacrylate monomers, such as methyl methacrylate (MMA) or tert-butyl methacrylate (tBMA) in polar solvents is a process which is well understood at present time [1] [2] [3] . Extensive kinetic studies of these monomers have been carried out. It was demonstrated that the anionic polymerization of most methacrylates proceeds in an ideal way when the reaction is carried out in THF at a low temperature either with large counterions or with lithium in the presence of additives, such as lithium chloride or lithium alkoxides which are added to reduce the extent of side reactions like aggregation and termination. The living behavior was demonstrated by first-order kinetics of monomer conversion, a linear dependence of the number-average degree of polymerization on conversion, and narrow molecular weight distributions (MWD). Activation energies were reported for common methacrylate monomers (e.g., MMA, tBMA) [4] . However, most of these monomers have the disadvantage that they are not very suitable for the design of functionalized block copolymers by polymer analogous reaction due to the lack of a functional group.
2-Hydroxyethyl methacrylate (HEMA) has been used as a monomer in random and block copolymers due to its hydrophilic character [5] [6] [7] [8] . In addition, the hydroxyl group can be modified by polymer analogous reaction, e.g. esterification with ATRP initiators [9, 10] . In a forthcoming publication, we will report the synthesis of diblock and ABC triblock copolymers with a PHEMA block and their modification with azo dyes. Alternatively, the pendant vinyl groups of 1,2-polybutadiene or polyisoprene have been converted to alcohols via hydroboration chemistry [11] . However, this procedure is not possible if a block copolymer with non-modified rubbery block is desired. Moreover, butadiene is toxic and the polymerization of dienes is very time-consuming.
Due to its protic function, HEMA needs to be protected for anionic polymerization. Nakahama and his coworkers reported the anionic polymerization of silyl-protected HEMA in THF at -78°C. For two different monomers, 2-(trimethylsilyloxy)ethyl methacrylate (TMS-HEMA) and 2-(tert-butyldimethylsilyloxy)ethyl methacrylate (TBDMS-HEMA), conditions were found under which homo-and blockcopolymers with narrow MWD were achieved [12, 13] . The positive effect of LiCl on the polydispersity indices was shown to be similar to other alkyl methacrylates. However, no kinetic experiments were reported. Furthermore, the molecular weight was only determined by gel permeation chromatography (GPC) relative to polystyrene standards for the benzylated PHEMA obtained from poly(TMS-HEMA) which spontaneously hydrolyzes during quenching of the polymerization. We focused our investigation on the kinetics of the anionic polymerization of the more stable TBDMS-HEMA which only hydrolyzes under acidic conditions, thus allowing the direct characterization of the polymer samples by GPC with viscosity detector, yielding absolute molecular weights using universal calibration [14] .
Experimental part

Materials
If it is not otherwise noted, chemicals were obtained from Aldrich and used without further purification. The monomer TBDMS-HEMA was synthesized according to the procedure by Mori et al. [13] However, we used a 1.25 times excess of tert-butyldimethylsilyl chloride (ABCR) instead of an excess of HEMA as described in their publication. For the purification of the crude monomer, it was stirred over calcium hydride for 24 h before it was fractionated (b.p. 43°C at 2 x 10 -2 mbar). In order to remove traces of HEMA and of moisture, the monomer was filtered over neutral aluminium oxide in the glove box right before use. THF, as solvent for the polymerization, was first refluxed and distilled over calcium hydride, and finally distilled from potassium before usage. LiCl was dried in high vacuum at 300°C for several days before dry THF was added to dissolve it. Before polymerization, the calculated amount of solution was transferred to the reactor. A tenfold excess compared to the amount of initiator was used for all polymerizations. The initiator 1,1-diphenyl-3-methylpentyllithium (DPHLi) was generated in situ by the reaction of sec-butyllithium (solution in hexane) with an excess of freshly distilled 1,1-diphenylethylene [15] .
Kinetic experiments
Polymerizations were performed under N 2 in a 1 l Büchi reactor. After the polymerization was started by addition of the monomer to the initiator, samples of about 8 ml were taken at different reaction times and quenched with degassed ethanol. The solvent mixture was evaporated followed by annealing the samples in vacuum at a temperature of 120°C. At this temperature, unreacted monomer and traces of solvent are removed from the polymer. Conversion was calculated gravimetrically. The complete removal of monomer and solvent in the kinetic samples, which would pretend a too high conversion, was verified for a random set of samples by thermogravimetric analysis and 1 H NMR.
Characterization of polymers
Relative molecular weights of the kinetic samples were estimated by GPC using THF as eluent (columns: PSS SDV-gel (5 µ), 10 5 , 10 4 , 10 3 , 100 Å) and using polystyrene standards for calibration. Some samples with a narrow MWD (M w /M n ≤ 1.08) were used to obtain absolute molecular weights by viscometry-coupled GPC (Viscotek H502B as viscometer) using THF as eluent (columns: PSS SDV-Gel (5 µ) 10 6 , 10 5 , 10 3 Å). A Netzsch thermoanalysis apparatus STR 409 was used for the thermo-gravimetric analysis at a heating rate of 10 K/min. 1 H NMR data were obtained with a Bruker AC 250 (250 MHz) spectrometer using d-chloroform as solvent.
Results and discussion
Three kinetic experiments were carried out at -40°C, -62°C, and -70°C, respectively, with comparable initial concentrations of initiator (0.66 -1.00 mmol/l) in each experiment. The reaction conditions are summarized in Tab. 1. The semi-logarithmic time-conversion plot in Fig. 1 shows a temperature-dependent curvature. At -40°C an asymptotical behavior is observed with a maximum conversion of 65%. This result can be explained by a unimolecular termination reaction ('back-biting') competing with propagation and finally resulting in a complete deactivation of the polymer chains. This type of side-reaction has already been described for the polymerization of MMA in THF [16, 17] .
Tab. 1. Conditions and kinetic results of the polymerization of TBDMS-HEMA initiated with diphenylhexyl-Li in the presence of a tenfold excess of LiCl
The shape of the semi-logarithmic time conversion plot for a polymerization with unimolecular termination is given by Eq. (1). [18] [
The apparent rate constant of propagation, k app , as the initial slope of the first-order time-conversion plot and the rate constant of termination, k t , are obtained by a nonlinear fitting procedure (Tab. 1). These values were used in Eq. (2) to determine the maximum conversion, x p,∞ .
With decreasing temperature, the maximum conversion increases. At -62°C the maximum conversion reaches 96% while at -70°C complete conversion (> 99%) was obtained. This behavior is a consequence of the decreasing termination rate constant at lower temperatures. The results of the kinetic studies are confirmed by the evolution of the molecular weight distributions with polymerization time. A broadening of the GPC eluograms with increasing conversion is clearly detected for the polymerization at -40°C (Fig. 2) .
A shoulder is observed towards high molecular weights for polymers obtained at >25% conversion, the elution volumes corresponding to a doubled molecular weight. This indicates a coupling reaction. Oxidative coupling has been observed for nonpolar monomers when the quenching agent was not degassed [19] . However, enolates have not been observed to undergo this reaction. Thus, we assume that a nucleophilic attack of the active chain ends onto the silyl ether groups may have taken place. In contrast, the molecular weights of the polymers derived from the experiments at -62 and -70°C increase with conversion without broadening or coupling. Furthermore, no oligomers were detected even at high conversion. At a given elution volume, poly(TBDMS-OEMA) possesses a more than 50% higher absolute molecular weight compared to PMMA and twice the value of PS.
A bilogarithmic plot of the intrinsic viscosity, [η], versus the viscosity-average molecular weight, M v , results in a straight line from which the Mark-Houwink parameters K and α are determined. Only polymer samples with narrow MWD (M w /M n < 1.09) were used for the Mark-Houwink plot allowing a linear fit of the parameters over the whole range of studied molecular weights (Fig. 4) . with values of some other common polymers. The high value of the Mark-Houwink exponent, α, for poly(TBDMS-HEMA) indicates that the molecules tend towards a more worm-like structure in THF as compared to the random-coil structure of the other polymers. This was attributed to the bulky substituents. The Mark-Houwink parameters of poly(TBDMS-HEMA) were used to calculate the absolute molecular weights from the relative molecular weights derived from polystyrene calibration using the principle of universal calibration [14] . In the polymerizations at the lower temperatures the polydispersity remains constantly low as typical of a "living" polymerization with moderately fast exchange between active and dormant species (Fig. 6 ) [21] . This indicates that the addition of excess LiCl promotes the formation of different adducts which are transformed into each other with a high conversion rate. Nakahama and coworkers have also reported a positive effect of LiCl on the MWD in the polymerization of silyl-protected HEMA [12, 13] . However, for the polymerization at -40°C, M w /M n increases strongly with higher conversion up to values of 1.78. This behavior is typical of termination reactions (Fig. 6 ).
The rate constant of propagation, k p , is obtained from the apparent rate constant of propagation, k app , and the initial concentration of chains, [P*] 0 = f·[I] 0 , as k p = k app /[P*] 0 . Tab. 3 summarizes the obtained kinetic data. The rate constants of propagation, k p , at various temperatures are used to obtain an Arrhenius plot for the polymerization in THF with a tenfold excess of LiCl as additive (Fig. 7) .
The activation parameters were calculated as E a = 16.0 ± 2.3 kJ·mol -1 and log A = 4.88 ± 0.55. Tab. 4 compares the obtained values for TBDMS-HEMA with the ones of some common methacrylates in the absence and presence of LiCl. As seen from Tab. 4, the activation energy and the frequency exponent for the polymerization of TBDMS-HEMA are lower than those observed for the polymerization of MMA and tBMA with Li + in THF in the presence and absence of LiCl as additive [22] . The comparison shows that these low values are not caused by the addition of LiCl. Possibly, the more rigid structure of the polymer chain in THF, as indicated by the high Mark-Houwink exponent, might lead to the different kinetic behavior in the chain propagation compared to other methacrylates which form polymers of a more coiled structure. 
Conclusions
A controlled polymerization of TBDMS-HEMA in THF using an excess of LiCl as additive was achieved at T ≤ -62°C, as indicated by kinetics, plot of M n versus conversion, and the molecular weight distributions. The Arrhenius plot shows remarkably low values of the activation parameters. This behavior might be explained by the more worm-like structure of poly(TBDMS-HEMA) compared to other methacrylates.
